Introduction
Neisseria meningitidis is a Gram-negative bacterium commonly found in the throat and nasal passages of healthy individuals. Transfer of bacteria between individuals is thought to occur through direct contact with respiratory and throat secretions and is more common among individuals living in crowded conditions (e.g., college dormitories or military barracks). [1] [2] [3] Although meningococcal carriage is usually asymptomatic, in rare cases and for unknown reasons, the bacteria can enter the bloodstream and cause a life-threatening invasive infection. Invasive meningococcal disease progresses rapidly and, despite the availability of sophisticated medical care, continues to be associated with a 5% to 15% case fatality rate as well as devastating sequelae including limb loss, epilepsy, mental retardation and deafness. 4, 5 The burden of invasive meningococcal disease is often underappreciated because of the low incidence: 0.28 cases per 100,000 persons in the United States (US) and 0.89 cases per 100,000 persons in Europe. 6, 7 Twelve capsular serogroups of N. meningitidis have been identified; however, five (A, B, C, W and Y) are responsible for asymptomatic throat carriage of Neisseria meningitidis is common in healthy individuals. In unusual cases, the bacteria become invasive, resulting in life-threatening disease. effective meningococcal serogroup B (MnB) vaccines should provide broad protection against disease-causing strains and may confer indirect protection by impacting carriage and subsequent transmission. Factor H binding proteins (fHBps), components of MnB vaccines in development, are classified into two immunologically distinct subfamilies (a and B). fHBp variants of MnB strains carried by adolescents are similar to those detected in infants with MnB disease. a vaccine containing subfamily a and B fHBp variants elicited bactericidal antibody responses (titers ≥ 1:4) against MnB strains expressing fHBp variants common to carriage strains and strains that cause disease in adolescents and infants in 75-100% of adolescent study subjects. This suggests that the bivalent fHBp vaccine has the potential to provide protection against invasive MnB strains and interrupt meningococcal carriage, which may also reduce infant MnB disease. 8, 9 Analyses of carriage and diseasecausing strains in Greece, Norway and the Czech Republic have demonstrated that prevalence of variation among serogroups and clonal complexes occurs in geographically distinct areas, and that the serogroups and clonal complexes associated with hypervirulent strains responsible for most cases of invasive disease are also common among carriage isolates. 3, 10, 11 The prevalence of meningococcal carriage may vary among geographic regions, but generally is believed to increase through childhood, from 4.5% in infants to a peak at 23.7% in adolescents (19 y of age). 12 Vaccination with polysaccharide conjugate meningococcal serogroup C (MnC) vaccines is highly effective in preventing invasive disease. All European countries with routine MnC vaccination programs have substantially reduced incidence of MnC disease, particularly those that implemented a program that included vaccination of an adolescent group. 13 The MnC conjugate vaccination campaign in the United Kingdom (UK), which included vaccination of individuals between 2 mo and 18 y of age when it was initiated in 1999, resulted in a 66% reduction (p = 0.004) of MnC carriage in the group 15 to 17 y of age. 14 Two to three years after the vaccination campaign began, even unvaccinated individuals, 1 to 18 y of age, showed a decreased incidence of invasive disease suggesting the induction of herd protection as a result of vaccination. 15, 16 Herd protection extends to infants who have not received the complete MnC vaccination course and to individuals > 25 y of age who would not have been offered MnC vaccines. 15 Following the introduction of polysaccharide conjugate vaccines that target serogroups A, C, W and Y, meningococcal serogroup B (MnB) remains a prominent cause of invasive meningococcal disease in the US and Europe. 6, 7, 17 Infants and toddlers have the highest incidence of invasive MnB disease (IMBD), with a second incidence peak often noted for adolescents and young adults, resulting in significant disease burden in these age groups ( Fig. 1A and C) . 6, 18 Analyses of case numbers by age reveal that the total case numbers in the group 10 to 25 y of age are often greater than the total numbers seen in infants (Fig. 1B and D) . This is evident in many European countries with the expeption of Greece and the UK where more cases in the infant age group are reported (Fig. 1D) . Multiple studies across Europe have determined that MnB is a prevalent serogroup identified among carriage isolates. 19 In the US, MnB and meningococcal serogroup Y are the most common identifiable serogroups of carriage isolates. 20 Available evidence from Latin America also suggests that meningococcal carriage is common, and serogroup B, C, Y and W isolates have been identified. [21] [22] [23] Development of serogroup B capsular polysaccharide-based vaccines has not been successful, and MnB vaccines based on the outer membrane protein porin A (PorA) have been effective only against epidemic MnB strains. 24, 25 No broadly protective vaccine is currently licensed for the prevention of IMBD. Two vaccines are in late-stage development and include meningococcal factor H binding proteins (fHBPs) as key antigens for the generation of serum bactericidal antibodies. 26 fHBP . panels a and c list incidence rate per 100,000. panel B provides the estimated number of cases in the Us. panel D illustrates the proportion (and number of cases) in european centre for Disease prevention and control (ecDc) participating countries for infants (< 1 y of age) and adolescents and young adults (11-25 y of age). Us data were obtained from the centers for Disease control and prevention (cDc) active Bacterial core surveillance sites which includes 32 of the 174 reported cases of notifiable disease in 2009. 6, 17 The european data were obtained from the ecDc and european surveillance system (Tessy), 7 which included country reports from austria (aT), Belgium (Be), cyprus, the czech Republic (cZ), Denmark (DK), estonia (es), Finland, France (FR), Germany (De), Greece (GR), Hungary (HU), Iceland, Ireland (Ie), Italy (IT), Latvia, Lithuania, Luxembourg, Malta, Netherlands (NL), Norway, poland (pL), portugal, Romania, slovakia, slovenia, spain, sweden and the United Kingdom (UK).
benefits in other age groups (herd protection). 16 Understanding the molecular epidemiology of both invasive disease strains and carriage isolates may help predict the potential breadth of coverage provided by MnB vaccines. Potential coverage can be assessed by evaluating vaccine-induced immune sera in serum bactericidal antibody assays using human complement (hSBA) against diverse MnB isolates selected based on antigen diversity. hSBA responses have been correlated with protection in humans and are currently used as surrogates to determine the efficacy of MnB vaccines in late stage development. 34, 35 We report here that adolescent and young adult subjects immunized with the bivalent rLP2086 vaccine demonstrate high response rates (hSBA titer ≥ 1:4) against MnB strains expressing fHBP variants that are prevalent among both carriage and invasive disease isolates.
Results
Estimating the potential coverage of LP2086 in invasive meningococcal disease and efficacy of the bivalent rLP2086 vaccine. Infants, adolescents and young adults represent the most (also known as LP2086) is a lipoprotein expressed on the surface of most meningococcal isolates regardless of serogroup.
27 By binding to human factor H, fHBP downregulates complementmediated bacterial cell lysis and allows N. meningitidis to evade host immune responses. 28, 29 Sequence analysis has shown that fHBP is expressed as one of two serologically distinct subfamilies (A and B). 27 Researchers have also used an alternate scheme that classifies the protein into 3 variants, variant 1 corresponds to subfamily B fHBP, variants 2 and 3 to subfamily A fHBP. 30 The fHBP amino acid sequences are at least 83% identical within each fHBP subfamily but are less conserved (60-75% sequence identity) between subfamilies A and B.
27,31 Lipidated recombinant fHBP is capable of eliciting subfamily-specific bactericidal responses against a range of MnB strains and is protective against nasopharyngeal colonization in animal models. 31, 32 One lipidated protein from each fHBP subfamily was required to elicit broad serum bactericidal activity against MnB strains that express phylogenetically diverse fHBP variants (Fig. 2) . 33 Evaluation of the potential impact of MnB vaccines on carriage by adolescents will be of interest to assess the possibility for indirect of 445 IMBD isolates from adolescents collected in the US, Norway, Germany, Spain, the Czech Republic, France and the UK (2000-2006), only 13 fHBP variants associated with MnB isolates were responsible for 87% of disease (Fig. 4) .
To estimate the potential coverage elicited by the bivalent rLP2086 vaccine against IMBD for adolescents and young adults, immune sera from vaccinated study subjects were tested in hSBA against a panel of invasive MnB strains. 39 The panel of strains included fHBP variants that represent approximately 70% of the variants that caused disease in these populations. The postvaccination hSBA response rates to the individual strains ranged from 75% to 100% in both the adolescent and young adult age groups ( Fig. 5A and B, respectively) . High hSBA responses were important at-risk age groups for IMBD. As such, it is useful to determine potential variation among antigen composition of invasive and carriage strains associated within these age groups. As shown in Figure 3 , fHBP subfamily prevalence differs across age groups, with subfamily A fHBP variants being more commonly detected in IMBD isolates in US infants and subfamily B fHBP variants being more common in UK infants and US/ UK adolescents and young adults. This suggests that for a vaccine to be considered broadly protective, serum bactericidal activity needs to be demonstrated against MnB isolates regardless of which fHBP variant they express.
A relatively limited number of variants have been associated with most disease-causing isolates. For example, in a collection was detected in all carriage isolates and expressed in most carriage isolates. When fHBP gene sequences were translated into fHBP protein sequences (variants), the variants segregated into the same two subfamilies that were previously established for IMBD isolates (Table 1) .
2,20
Assessment of the potential impact of the bivalent fHBP vaccine on serogroup B isolates carried in adolescents. To assess whether vaccination of adolescents with the bivalent fHBP vaccine might impact meningococcal carriage, we compared fHBP variants expressed by carriage and IMBD isolates in adolescents and young adults (Fig. 7) . Seventeen common fHBP variants in carriage isolates (> 90% of isolates analyzed) were also detected in 83% of IMBD isolates in this age group. While the same fHBP variants were presented in both IMBD and carriage isolates, the prevalence of the variants differed between the carriage and invasive disease isolates. For example, a relatively high proportion of observed regardless of fHBP subfamily, subgroup, variant or other epidemiologic markers.
Characterization of N. meningitidis carriage isolates in adolescents and young adults in relation to serogroup and fhbp variant. During the mass-vaccination campaign and implementation of MnC polysaccharide-conjugate vaccine in the UK, control of MnC disease was associated with a reduction in invasive MnC disease and MnC carriage.
14 Vaccination of adolescents not only reduced MnC disease in the vaccinated age group, it also reduced MnC carriage, transmission and disease incidence in unvaccinated individuals via herd protection. 16 We therefore conducted an assessment of carriage isolates from the UK and the US to estimate whether the bivalent fHBP vaccine also might have the potential to decrease MnB carriage. The most common carriage serogroups in the US and UK are B and Y, although 29E also seems to be prevalent in the UK (Fig. 6) . 2, 20 The fHBP gene The percentage of adolescent subjects (11 to 18 y of age) with an hsBa titer of ≥ 1:4; data from hsBas performed with 8 meningococcal serogroup B (MnB) isolates expressing different fHBp variants are shown. sera were obtained from study B1971005. 39 (B) The percentage of young adult subjects (18 to 25 y of age) with an hsBa titer of ≥ 1:4; data from hsBas performed with meningococcal serogroup B (MnB) isolates expressing 9 different fHBp variants are shown. sera were obtained from study B1971003. 40 hsBa titers of serum samples before (light gray bars) and after vaccination (dark gray bars) are illustrated. *fHBp variants homologous to bivalent rLp2086 vaccine antigens. (Fig. 8) . fHBP variants prevalent in adolescents and young adult carriage isolates were also prevalent in strains isolated from infants with invasive disease. Specifically, 16 fHBP variants representing 89% of adolescent/young adult carriage isolates accounted for 78% of the IMBD isolates from infants (< 1 y). The relative proportion of fHBP variants detected in infant IMBD isolates was similar to that seen in carriage isolates from adolescents. For example, A22 was the most prevalent fHBP variant in both adolescent carriage and infant IMBD isolates.
IMBD in infants

Methods
Data sources.
Research presented in this manuscript is based on a comparison of fHBP variant prevalence for both invasive and carriage meningococcal strains. fHBP sequences from IMBD isolates were obtained as described in Hoiseth et al. (manuscript in preparation; also presented by Zlotnick et al. 36 ) and Murphy et al. 27 fHBP sequences were surveyed from a prevalence-based collection of IMBD isolates collected from reference laboratories in the US, Norway, the Czech Republic, Germany, Spain, France subfamily A variants was detected in carriage isolates. However, fHBP B24 variants were often associated with IMBD but were less commonly identified among carriage strains (Fig. 7) .
Assessment of potential impact of a bivalent rLP2086 vaccine on carriage of serogroup B meningococci in infants. Based upon results of vaccination campaigns with serogroup C meningococcal polysaccharide conjugates, a MnB vaccine that impacts carriage might be expected to reduce transmission across age groups and reduce disease via herd protection. Infants, who have the highest incidence of disease, might benefit greatly from a broadly protective vaccine. However, direct vaccine impact may be limited, as a high proportion of MnB disease occurs in infants under the age of 6 mo (personal communication from Amanda Cohn, CDC) and multiple doses of a MnB vaccine may need to be administered to elicit broadly protective immune responses in young infants. In this likely situation, optimal vaccine response would only be induced after 6 mo of age and would not prevent illness during the peak months of disease incidence. fHBP variants identified in carriage isolates in adolescents and young adults were compared with fHBP variants present in strains that caused 
Conclusion
The bivalent rLP2086 vaccine contains lipidated recombinant versions of both subfamily A and subfamily B fHBP variants. In clinical trials, this vaccine induced robust serum bactericidal antibody responses against a broad range of MnB isolates. In the current study, most fHBP variants were noted to be common between IMBD and meningococcal carriage isolates, and all fHBP variants studied, irrespective of whether they are expressed by adolescent carriage or infant invasive disease isolates, reside in the same phylogenetic space. The proportion of individuals with hSBA titers ≥ 1:4 among subjects vaccinated with the bivalent rLP2086 vaccine ranged from 75% to 100% against MnB strains with fHBP variants common to both IMBD and meningococcal carriage isolates. These findings suggest that the bivalent rLP2086 vaccine has promise for direct protection against a broad range of IMBD strains expressing diverse subfamily A and B fHBP variants in adolescents and young adults, as well as for indirect protection in unvaccinated individuals. Future assessments of the ability of the bivalent vaccine to impact carriage directly among vaccinated individuals and the potential effect on meningococcal disease and carriage in non-vaccinated individuals through herd protection is of interest. If the bivalent rLP2086 vaccine is effective at interrupting MnB carriage in adolescents, additional benefits may be seen in unvaccinated adults, adolescents and infants through the effects of herd protection. and the UK (England, Wales and Northern Ireland) spanning the period of 2000 to 2006. Variants were grouped by the age of the subject from whom the isolates were obtained. Specifically, the age stratifications used were < 1 y (infants) and 11 to 25 y (adolescents and young adults). fHBP and serogrouping data from N. meningitidis carriage isolates were retrieved from two studies conducted in the US and the UK. The US data were obtained from Marsh et al. 20 who characterized N. meningitidis carriage isolates from high school students. Serogrouping recognized serogroups B, C, Y and Z; other strains for which data were available were considered nongroupable. The UK data were collected in college students and encompassed carriage isolates characterized according to fHBP variant and meningococcal serogroup. 2, 37 Serogroups recorded were B, C, 29E, Y, H, X, W, Z and other non-groupable strains.
To estimate potential breadth of vaccine protection, serum samples from healthy individuals immunized with the bivalent rLP2086 vaccine were assayed for bactericidal activity using hSBA. 38 Subjects who had an hSBA titer ≥ 1:4 were considered responders. Serum samples from subjects enrolled in two clinical studies were considered and are presented here as a summary of results previously published. The first study was a randomized, single-blind, placebo-controlled trial of the bivalent rLP2086 vaccine in adolescents conducted at 25 sites in Australia, Poland and Spain. 39 As part of this study, 198 adolescents (11 to 18 y of age) were immunized using a 0, 2 and 6 mo vaccination schedule with 120 μg of the bivalent rLP2086 vaccine. hSBA responses presented in this study were assessed before the first vaccination and 1 mo postdose 3. The second study was a randomized, phase 1/2, open-label study of the bivalent rLP2086 vaccine conducted in healthy adults (18 to 40 y of age) in Australia. 40 As part of this study, healthy young adults (18 to 25 y of age) were immunized 
